AbstRAct. Hygienic behavior, a trait that may confer resistance to brood diseases in the honey bee Apis mellifera, was studied in two species of stingless bees in Mexico. Eight colonies each of Melipona beecheii and Scaptotrigona pectoralis were tested for hygienic behavior, the removal of dead or diseased brood, by freeze killing a comb of sealed cells containing pupae. Both species detected and removed dead brood. However, removal rates differed between species. In M. beecheii colonies, workers took 2-9 days to remove 100% of the dead brood (4.4 ± 2.0 days, mean ± SD), while S. pectoralis removed all dead brood in less than 3 days (2.3 ± 0.6 days, mean ± SD). We conclude that hygienic behavior is not unique to A. mellifera, and is not solely an adaptation for the reuse of brood cells as occurs in honey bees but not stingless bees. Although stingless bees do not reuse brood cells, space is limited. The removal of dead brood may be necessary to allow new cells to be constructed in the same place.
INtRODUctION
Hygienic behavior in honey bees (Apis mellifera) was initially studied in the USA with a view to increasing resistance to American foulbrood (AFB; Park, 1937) , an important brood disease (Ratnieks, 1992; Spivak and Gilliam, 1998a,b; Hansen and Brodsgaard, 1999) . American foulbrood is caused by the bacterium Paenibacillus larvae, which kills old larvae and young pupae shortly after the cell is capped with wax by adult worker bees.
If not removed, a larva killed by P. larvae desiccates, forming a scale that contains billions of long-lived P. larvae spores, which may infect other larvae in the same colony or be spread to other colonies, by bees or beekeepers (Ratnieks, 1992; Hansen and Brodsgaard, 1999) .
Early studies showed that colonies most resistant to AFB were those in which workers removed dead brood rapidly (reviewed by Spivak and Gilliam, 1998a) . These socalled hygienic workers (aged 15-18 days; Arathi et al., 2000) detect, uncap and remove diseased or dead brood from their cells before P. larvae sporulates and becomes infective. Hygienic behavior, therefore, can prevent AFB from infecting other larvae within the colony, and provides a behavioral mechanism of disease resistance. It may also prevent female Varroa mites from breeding in brood cells, and also helps protect against chalk brood disease. It has been suggested that hygienic behavior is unique to honey bees (Arathi et al., 2000) , in which it serves as an adaptation for the re-use of brood cells. Honey bee nests contain parallel vertical combs of hexagonal cells, which are used repeatedly both for food storage (nectar, honey and pollen) and for brood rearing. Consequently, dead brood must be removed to free up space for further brood or food storage, especially during nectar flows, when large amounts of food must be stored (Momot and Rothenbuhler, 1971) .
In contrast to honey bees, stingless bees (Meliponini) have brood cells arranged in horizontal single-sided combs (e.g., Melipona) or in grape-like clusters (i.e., Frieseomelitta). Brood cells are mass provisioned shortly before oviposition, and are then capped within minutes of oviposition (Sakagami, 1982) . The bees then develop without further contact with workers. In contrast, honey bee larvae are continuously provisioned, and the cell is only capped approximately nine days after oviposition, shortly before the larva begins pupation. Furthermore, brood cells are destroyed in stingless bees after adult emergence and new brood cells are constructed in the empty space (Sakagami, 1982) . Food storage in stingless bees also differs from Apis. Stingless bees store nectar and pollen in egg-like wax pots similar to the storage pots found in bumblebees (Bombini; Michener, 1974) . If hygienic behavior in honey bees is an adaptation for cell reuse, then the combination of brood cell destruction and separate food storage structures in stingless bees suggests that hygienic behavior should not have evolved in this group.
Hygienic behavior in A. mellifera has been widely studied, in part due to the economic importance of honey bees and because hygienic behavior is proposed to confer resistance to several brood diseases (reviewed by Spivak and Gilliam, 1998a,b) . But whether hygienic behavior occurs in stingless bees has not been investigated. We examined whether hygienic behavior (the ability of workers to detect, uncap and remove dead brood from their cells) occurs in the stingless bee species, Melipona beecheii and Scaptotrigona pectoralis.
MAtERIAL AND MEtHODs study site and study organisms
The study was carried out at the Department of Apiculture, Autonomous University of Yucatan, Merida, Mexico, from April to June 2002.
Eight queenright colonies of M. beecheii were studied. Colonies were transferred from log hives into shallow observation hives consisting of a wooden box (49 x 19 x 20 cm) with a glass lid to allow observations. When the nest was not being observed, the glass was covered with a layer of polystyrene foam and wood to block out light and provide insulation.
At the beginning of the study, colonies had a queen, approximately 1200 adult workers, 6-8 horizontal brood combs and more than 35 honey and pollen storage pots surrounding the brood combs. The brood combs were in a chamber covered by an involucrum, made from a mixture of beeswax and tree resin, which separated the brood area from the rest of the nest. Colonies were kept in a meliponary shelter, with a roof but no side walls. Workers were allowed to forage freely, entering and exiting the nest box through a 10-mm hole located in one side.
Eight queenright colonies of S. pectoralis were also studied. Colonies were transferred from natural nest cavities (hollow tree trunks) collected in the wild into observation hives consisting of a wooden box (39 x 18 x 17 cm) with a transparent glass lid covered with polystyrene and wood.
At the beginning of the study, each S. pectoralis colony had a queen, approximately 1400 adult workers, 5-7 horizontal brood combs, and more than 40 honey and pollen storage pots. The brood chamber was again covered by an involucrum. Workers were allowed to forage freely, entering and exiting the nest through a 7-mm hole located in one side of the box.
The populations of these study colonies were similar to those that occur in nature.
Assaying hygienic behavior -the frozen brood assay
The frozen brood assay (FBA) was developed to quantify hygienic behavior in honey bee colonies without the need for using disease organisms (Jones and Rothenbuhler, 1964; Spivak and Downey, 1998) . The FBA involves killing a section of brood by freezing (either with liquid nitrogen or by refrigeration) and returning the dead brood to the nest so that subsequent hygienic behavior, the removal of the freeze-killed brood, can be studied. We used FBA to study hygienic behavior in stingless bees. A brood comb containing mature pupae (eyes pink to purple) was removed from the brood chamber of each colony of each species and the number of brood cells was counted. To kill the pupae, the comb was placed in a freezer at -5ºC for 24 h, and then returned to its original colony. The freezekilled brood layer was placed at the top of the brood chamber, after removing any obscuring layers of involucrum. During observations, only the polystyrene and wood covers were removed and the freeze-killed brood comb was observed through the glass lid to reduce nest disturbance. This allowed us to count the freeze-killed brood cells remaining in the nest and to record any hygienic behavior, such as the removal of dead brood and the subsequent destruction of the cell. The freeze-killed brood cells remaining on the comb layer were observed daily until all freeze-killed brood had been removed. Two hygienic behavior assays were carried out on each colony, with approximately 20 days between assays. 
statistical analysis
A three-way analysis of variance (ANOVA) was used to assess the effect of colony, assay and species on the time taken to remove all dead brood (Zar, 1996) .
REsULts
Workers of both M. beecheii and S. pectoralis were able to detect, uncap and remove frozen brood from brood cells. However, the dead brood removal rate differed between species. Melipona beecheii workers removed 100% of the frozen brood (108 ± 26 and 92 ± 13 frozen brood cells in the first and second assays, respectively) in 4.4 ± 2.0 days (both assays and all colonies combined, mean ± SD, range 2-9 days), whereas S. pectoralis removed 100% of the dead brood (91 ± 14 and 89 ± 17 frozen brood in the first and second assays, respectively) in only 2.2 ± 0.6 days (mean ± SD, range 1-3 days; Figure 1) . The difference between the two species was highly significant (F = 23.3, P < 0.0001). However, there were no significant differences among colonies within a species (F = 1.6, P = 0.18) or between assays (F = 0.02, P = 0.8). Workers of both species uncapped the cells containing dead brood and removed them, as in A. mellifera. However, dead brood was also removed through the walls of cells at the periphery of the comb. This behavior is not found in A. mellifera, as brood cells are reused rather than destroyed, and brood is not reared in the cells at the edges of combs. Dead brood removed by hygienic workers was deposited in each colony's internal waste dump and subsequently removed Hygienic behavior in stingless bees from the nest by other workers. In M. beecheii, workers uncapping and removing dead brood from cells were typically those individuals performing tasks in the brood chamber (20.7 ± 5.7 days old; data not shown), which suggests that, as in honey bees (Arathi et al., 2000) , hygienic workers are middle-aged workers that have not yet begun foraging.
DIscUssION
The results clearly show that workers of the stingless bees M. beecheii and S. pectoralis can detect, uncap and remove dead brood from brood cells. This fulfils the criteria for hygienic behavior and shows that hygienic behavior is not unique to honey bees.
Hygienic behavior was found to be well developed and rapid in the two species studied. For example, workers of both species not only removed dead brood by uncapping cells (as in A. mellifera), but also by dragging brood through the walls of cells found in the periphery of the comb. In M. beecheii, in which it was possible to follow the fate of the dead brood removed from the cells, workers deposited dead brood and also waste from the destruction of old brood cells in the colony's waste dump, from where the material was taken by other workers for dumping outside the nest. In A. mellifera, hygienic workers removing dead brood from their cells drop them to the base of the nest cavity where other workers (undertakers) remove them from the nest (Arathi et al., 2000) . Apis mellifera colonies do not have specific within-colony waste dumps. In M. beecheii, these dumps are also used to store feces (Medina LM, personal observations), whereas worker and drone honey bees defecate outside the nest.
Differences in the rates of brood removal in M. beecheii and S. pectoralis may relate to other differences in behavioral traits. For example, S. pectoralis, which is sometimes used in Yucatan for honey production, has very defensive behavior when compared with other local stingless bee species, including M. beecheii (Gonzalez and Medina, 1998) . This may explain why S. pectoralis nests are rarely attacked by the phorid fly Pseudohypocera kerteszi, which is a serious pest in M. beecheii nests (Gonzalez JA, personal communication). The effective defensive behavior of S. pectoralis has also been noted during attacks of the Yucatecan cleptoparasitic (robber) stingless bee Lestrimelitta niitkib. Scaptotrigona pectoralis colonies defend their nests strongly and can attack and potentially destroy the nests of the attacking L. niitkib (Gonzalez and Medina, 1998) . Stingless bees are diverse, with hundreds of species, and there are many differences in their behavior.
Although stingless bees can detect, uncap and remove dead brood from their cells, few stingless bee brood diseases have been reported (Nogueira-Neto, 1997; Schmid-Hempel, 1998) . This is in contrast to the wide range of brood diseases in A. mellifera (Morse and Flottum, 1997) . This may reflect a bias, with more studies conducted on honey bees because of their global economic importance. Or it may be that stingless bees really do have fewer diseases. Is this because they have effective mechanisms to deal with parasites and diseases not found in honey bees? For example, the destruction of used brood cells occurs in all stingless bee species, including those in which cells are arranged in clusters (e.g. Frieseomelitta) rather than in combs. Destroying old brood cells rather than repeatedly reusing them (as in A. mellifera) can potentially reduce disease transmission. In A. mellifera, new brood reared in cells in which the previous larva was killed by American foulbrood (with subsequent hygienic removal of dead brood) become infected in 8-19% of cases (Ratnieks, 1992) . In addition to only being used once, brood cells in the stingless bees are mass-provisioned, and cell construction and food provisioning can be carried out by a very few workers (6-19 workers; van Veen, 2000) . However, in A. mellifera, where brood is fed progressively, thousands of inspection visits and hundreds of feeding visits by worker bees are made to each brood cell (Winston, 1987) . The high number of inspection and feeding visits in A. mellifera is likely to increase the transmission of pathogens among brood cells and individuals within a colony. Furthermore, because brood cells are massprovisioned, a stingless bee brood cell remains open for only a few minutes (about 6 min in M. beecheii; van Veen, 2000) after an egg is laid. However, A. mellifera worker brood cells remain open for around 8.5 days (3 days as an egg, 5.5 days as a larva; Winston, 1987) , greatly increasing the opportunity for infection.
Hygienic behavior is suggested to be the principal resistance mechanism against brood disease in A. mellifera and it has been proposed that the reuse of cells was an important factor in the evolution of hygienic behavior. The existence of well-developed hygienic behavior in the honey bees' sister group, the stingless bees, suggests that cell reuse was not necessary for the initial evolution of hygienic behavior, although it may explain its maintenance in A. mellifera.
